To develop newer and more effective chemopreventive agents for skin cancer, we assessed the effect of honokiol, a phytochemical from the Magnolia plant, on ultraviolet (UV) radiation-induced skin tumorigenesis using the SKH-1 hairless mouse model. Topical treatment of mice with honokiol in a hydrophilic cream-based topical formulation before or after UVB (180 mJ/cm 2 ) irradiation resulted in a significant protection against photocarcinogenesis in terms of tumor multiplicity (28-60%, P < 0.05 to <0.001) and tumor volume per tumor-bearing mouse (33-80%, P < 0.05 to 0.001, n 5 20). Honokiol also inhibited and delayed the malignant progression of papillomas to carcinomas. To investigate the in vivo molecular targets of honokiol efficacy, tumors and tumoruninvolved skin samples from the tumor-bearing mice were analyzed for inflammatory mediators, cell cycle regulators and survival signals using immunostaining, western blotting and enzyme-linked immunosorbent assay. Treatment with honokiol significantly inhibited UVB-induced expression of cyclooxygenase-2, prostaglandin E 2 (P < 0.001), proliferating cell nuclear antigen and proinflammatory cytokines, such as tumor necrosis factor-a (P < 0.001), interleukin (IL)-1b (P < 0.01) and IL-6 (P < 0.001) in the skin as well as in skin tumors. Western blot analysis revealed that honokiol: (i) inhibited the levels of cyclins D1, D2 and E and associated cyclin-dependent kinases (CDKs)2, CDK4 and CDK6, (ii) upregulated Cip/p21 and Kip/p27 and (iii) inhibited the levels of phosphatidylinositol 3-kinase and the phosphorylation of Akt at Ser 473 in UVB-induced skin tumors. Together, our results indicate that honokiol holds promise for the prevention of UVBinduced skin cancer by targeting inflammatory mediators, cell cycle regulators and cell survival signals in UVB-exposed skin.
Introduction
The incidence of skin cancer is equivalent to the incidence of malignancies in all other organs combined (1) . The continuing increase in life expectancy, the depletion of the ozone layer that allows more solar ultraviolet (UV) radiation to reach the Earth's surface, together with changing dietary habits and lifestyle appear to be contributing factors in the increasing risk of skin cancer. Although many environmental and genetic factors contribute to the development of skin cancer, the most important factor is the chronic exposure of the skin to solar UV radiation (2) . More effective chemopreventive strategies that can inhibit or reduce the UV-induced risk of skin cancers in high-risk human population are needed and there is considerable interest in naturally occurring phytochemicals, which can be used as cancer chemopreventive agents and/or as complementary and alternative medicines (2) . We therefore examined the effects of honokiol, one such phytochemical, on UV radiation-induced skin tumor development using the SKH-1 hairless mouse model. Honokiol (C 18 H 18 O 2 ), a biphenolic phytochemical ( Figure 1A ), is one of the bioactive constituents of the bark and leaves of Magnolia plant species. It is used in the traditional Japanese medicine 'Saibokuto' for the treatment of various ailments due to its anxiolytic, antithrombotic, antidepressant, antiemetic and antibacterial properties (3) . Honokiol has attracted a great deal of research interest due to these diverse biologic and pharmacological activities that include antibacterial, anti-inflammatory, antifungal, antioxidative and anticarcinogenic effects (3) (4) (5) (6) (7) (8) (9) . Honokiol is soluble in organic solvents, such as acetone; therefore, to avoid the need for the use of organic solvents in the application of this pharmacological agent, we developed a topical formulation of honokiol by dissolving it in a hydrophilic cream, which was used as a base. We have developed such hydrophilic cream-based topical applications in the past for the application of green tea polyphenols and these are non-toxic in nature (10) .
Exposure of the skin to solar UV radiation induces inflammatory responses, oxidative stress, alterations in cell cycle progression and DNA damage, etc., which together have been implicated in various skin diseases, including the development of skin cancers (11) (12) (13) (14) (15) . UVinduced inflammatory responses are characterized by the development of edema, hyperplastic responses and increases in the levels of cyclooxygenase-2 (COX-2) and prostaglandin (PG) metabolites (11) . UV-induced inflammation is considered as an early and important event in tumor promotion and the growth of skin tumors and chronic inflammation plays an important role in all three stages of tumor development, i.e. initiation, promotion and progression (11) ; thus, the control of UVB-induced inflammatory responses is considered to be an important strategy in reducing the risk of skin cancer. The present study was designed to determine whether topical application of honokiol prevents UVB radiation-induced: (i) photocarcinogenesis in terms of tumor incidence, tumor multiplicity and tumor growth and (ii) malignant progression of papillomas to carcinomas in a mouse model. As UV-induced inflammation and its mediators, such as the induction of COX-2 expression, proinflammatory cytokines and hyperproliferation, along with the alterations in cell cycle progression, have been implicated in skin tumor development, we further sought to determine whether (iii) the chemopreventive effects of honokiol on photocarcinogenesis are associated with the inhibition of UVBinduced inflammation and inflammatory mediators and correction of cell cycle progression in mouse skin and skin tumors.
Materials and methods

Animals
The female SKH-1 hairless mice (6-7 weeks old) used in these studies were purchased from Charles River Laboratory (Wilmington, MA). The mice were acclimatized for at least 1 week before experimental use in the animal resource facility and maintained under standard conditions of a 12 h dark/12 h light cycle, a temperature of 24 ± 2°C and relative humidity of 50 ± 10%. The animal protocol used in this study was approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham.
Antibodies and chemicals
Antibodies specific for COX-2 and phosphatidylinositol-3 kinase (PI3K) and an immunoassay kit for prostaglandin E 2 (PGE 2 ) analysis were obtained from Cayman Chemical (Ann Arbor, MI). The primary antibodies specific for proliferating cell nuclear antigen (PCNA), cyclin D1, cyclin D2, cyclin E, CDK2, CDK4, CDK6, Cip1/p21, Kip1/p27 and b-actin and the secondary antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibodies specific for inducible nitric oxide synthase (iNOS), Akt and p-Akt were purchased from Cell Signaling Technology, Inc. (Beverly, MA).
Enzyme-linked immunosorbent assay kits specific for mouse tumor necrosis factor (TNF)-a, interleukin (IL)-1b and IL-6 were obtained from BioSource International (Camarillo, CA).
Preparation of topical formulation of honokiol in hydrophilic cream
Purified honokiol was procured from LKT laboratories, Inc. (St Paul, MN). A uniform formulation of honokiol with a hydrophilic cream (Fougera and Co., Melville, NY), which is prescribed for external use as an ointment or cosmetic base, was prepared. The formulation was applied topically (1 or 3 mg honokiol per mouse) onto the dorsal area of the mouse skin either $30 min before, or immediately after, each exposure to UVB. The formulation was stored at 4°C.
Honokiol treatment, UVB irradiation and photocarcinogenesis protocol
The SKH-1 hairless mice were divided randomly into six separate treatment groups with 20 mice in each group: mice in Group 1 were not UVB-exposed or otherwise treated and served as controls, mice in Group 2 were not UVBexposed but were treated with honokiol (3 mg per mouse) alone three times per week, mice in Group 3 were exposed to UVB alone with the topical treatment of cream before each exposure of UVB, mice in Group 4 were treated topically with honokiol (1 mg per mouse) at least 30 min before each exposure to UVB, mice in Group 5 were treated topically with honokiol (3 mg per mouse) at least 30 min before each exposure of UVB and mice in Group 6 were treated topically with honokiol (3 mg per mouse) immediately after UVB exposure. The mice that have received honokiol treatment before UVB exposure continued to remain on the skin during the UVB exposure. Topical treatment of honokiol was started at least 14 days before the start of UVB exposure and on alternate days. Mice were UVB irradiated as described earlier (10, 14) .
Briefly, the dorsal skin was exposed to UVB radiation from a band of four FS24T1 UVB lamps (Daavlin; UVA/UVB Research Irradiation Unit, Bryan, OH) equipped with an electronic controller to regulate UV dosage. The UVB lamps primarily emit UVB (290-320 nm, .80% of total energy) and UVA (320-375 nm, ,20% of total energy) radiation with peak emission at 314 nm as monitored (14) . Short wavelengths of UV (,290 nm) were filtered out using Kodacel cellulose film (Eastman Kodak, Rochester, NY). Under the standard photocarcinogenesis protocol, mice were UVB irradiated (180 mJ/cm 2 ) three times a week until the end of the protocol.
Evaluation of tumor growth
The UVB-irradiated skin of the mice was examined once a week for tumor appearance. Growths that were .1 mm in diameter and that persisted for at least 2 weeks were defined as tumors and recorded. The dimensions of all the tumors on each mouse were recorded at the termination of the experiment. Tumor volumes were calculated using the hemiellipsoid model formula: tumor volume 5 1/2 (4p/3) (l/2) (w/2) h, where l 5 length, w 5 width and h 5 height, as performed earlier (14) . At the termination of the experiment, mice were killed and skin and tumor samples were collected for the analysis of various biomarkers of interest. The incidence and multiplicity of carcinoma were also recorded in the same experiment. The diagnosis of carcinoma was confirmed histologically either at the time when carcinoma-bearing mice died or at the termination of the experiment.
Evaluation of non-toxicity of honokiol
Physicochemical observations were recorded to determine potential toxic effects of honokiol in the animals. We determined the weekly consumption of Fig. 1 . Honokiol inhibits UVB-induced skin tumor development in SKH-1 hairless mice. Honokiol (HK) was topically applied either before UVB irradiation (HK þ UVB) or immediately after UVB irradiation (UVB þ HK) of the mouse skin. UVB alone-exposed mice were also treated with the hydrophilic cream before UVB exposure. (A) Depicts the molecular structure of honokiol and the mean body weight per mouse in different treatment group was recorded throughout the photocarcinogenesis experiment. The tumor data are presented in terms of the percentage of mice with tumors (B) and the total number of tumors per group (C) and the tumor volume per tumor-bearing mouse (D) are shown as means ± SD. The tumor volume was recorded at the termination of the experiment. The tumor data and body weight per mouse in different treatment groups were plotted as a function of the number of weeks on treatment, n 5 20. Significant inhibition versus UVB alone at the termination of the photocarcinogenesis experiment, Ã P , 0.05, ÃÃ P , 0.001.
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diet and regular measurement of body weight per mouse and compared these with the control (non-honokiol-treated) group of mice. Any adverse effect, such as inflammation or redness on the skin, etc., was recorded.
Pathological evaluation of skin tumors
At the termination of the experiment, representative biopsies from the skin tumors were collected, fixed in 10% formaldehyde and embedded in paraffin. Sections (5 lm thick) were stained with hematoxylin and eosin for pathological evaluation. Tumors were analyzed in a blinded fashion, and the discrimination between bona fide tumors and non-neoplastic lesions was performed according to the following major criteria: loss of keratinization or keratinized centers, presence of horn pearls and atypical cells.
PGE 2 immunoassay for quantitation of PGE 2
Epidermal skin or tumor samples were homogenized in 100 mM phosphate buffer, pH 7.4, containing 1 mM ethylenediamine tetraacetic acid and 10 lM indomethacin using a polytron homogenizer (Fisher Scientific, Atlanta, GA). The supernatants were collected and the concentration of PGE 2 was determined in supernatants using the Cayman PGE 2 Enzyme Immunoassay Kit (Cayman Chemical) following the manufacturer's instruction.
Assay for proinflammatory cytokines Epidermal or skin tumor homogenates from each treatment group were used for the analysis of cytokines, such as TNF-a, IL-1b and IL-6, using enzymelinked immunosorbent assay kits following the manufacturer's instructions and reagents.
Preparation of lysates and western blot analysis Epidermal or skin tumor lysates for western blot analysis were prepared as described previously (14) . Epidermis was separated from the whole skin as described earlier (16) . The epidermis or tumor tissue samples were pooled from at least three mice in each group, and three sets of pooled samples from each treatment group were used to prepare lysates, thus n 5 10. Proteins (25-50 lg) were resolved on 10% Tris-glycine gel and transferred onto nitrocellulose membranes. Membranes were incubated in blocking buffer for 1 h and then incubated with the primary antibodies overnight at 4°C. The membrane was then washed with phosphate-buffered saline and incubated with horseradish peroxidase-conjugated secondary antibody, as detailed (14) . Enhanced chemiluminescence reagents were used to visualize the protein bands. To verify equal protein loading on the gel, the blots were stripped and reprobed for b-actin.
Immunohistochemical detection of COX-2-and PCNA-positive cells
Immunohistochemical detection of COX-2 or PCNA in tissue samples was performed following established protocols (17, 18) . Briefly, 5 lm thick sections were deparaffinized and rehydrated in a graded series of alcohols. Following rehydration, an antigen retrieval process was performed (17, 18) . The nonspecific binding sites were blocked with 1% bovine serum albumin with 2% goat serum in phosphate-buffered saline. The sections were incubated with antibodies specific to COX-2 or PCNA followed by incubation with biotinylated secondary antibody and horseradish peroxidase-conjugated streptavidin. After washing in phosphate-buffered saline, sections were incubated with diaminobenzidine substrate and counterstained with hematoxylin. Representative photomicrographs were taken using an Olympus BX41 microscope fitted with a Qcolor5 digital camera system.
Statistical analysis
Statistical analysis of tumor data was performed at the termination of the experiment. Tumor incidence in the UVB alone and honokiol-treated groups was compared using the v 2 test. Tumor multiplicity data were analyzed using the Wilcoxon rank-sum test. The data on cytokine levels and PGE 2 are expressed as means ± SD. The statistical significance of difference between the values of control and treatment groups was determined by analysis of variance followed by post hoc testing.
Results
Non-toxicity and UV absorption spectrum of honokiol Our data indicated that there was no significant difference in diet or drinking water consumption on a per day basis between honokioltreated and untreated animals (data not shown). The treatment of mouse skin with honokiol alone (3 mg per mouse) for 26 weeks did not induce erythema, edema or any other apparent sign of toxicity in the skin. Similarly, there was no significant difference in body weight gain on a weekly basis among the various treatment groups ( Figure 1A) , further suggesting that honokiol is non-toxic. Molecular structure of honokiol is shown in Figure 1A . UV absorption spectra of honokiol revealed that honokiol does not absorb UVB spectrum (290-320 nm).
Honokiol inhibits UVB-induced skin carcinogenesis
At the termination of the experiment, the tumor incidence was lower by 10 and 20% (not significant), respectively, in the groups of mice treated with 1 or 3 mg per mouse of honokiol before UVB exposure as compared with the group of mice that were not treated with honokiol ( Figure 1B) . The latency period of the tumors was 3 weeks longer in the honokiol-treated (3 mg per mouse) mice than in the non-honokioltreated UVB-irradiated mice. As shown in Figure 1C , a total of 173 tumors were recorded in the group of 20 mice that were irradiated with UVB but did not receive honokiol, whereas only 125 tumors were recorded in the group of mice treated with 1 mg honokiol per mouse (28% reduction, P , 0.05). The tumor multiplicity (60%, P , 0.001) and tumor size were significantly lower (80%, P , 0.001) in the group of UVB-irradiated mice that were treated with honokiol (3 mg per mouse) before UVB irradiation than in the control group of mice that were UVB-irradiated but not treated with honokiol. The group of mice that were treated with honokiol immediately after UVB irradiation (3 mg per mouse) resulted in a significant inhibition of tumor multiplicity (54%, P , 0.001). The rate of tumor multiplicity in the honokiol (3 mg per mouse)-treated animals was significantly lower (P , 0.05, Fisher-Irwin exact test) throughout the experiment than in control animals. Tumor growth was not observed in the skin of mice that were treated with honokiol alone but were not UVB irradiated. When data were compared in terms of average tumor volume/ tumor-bearing mouse between honokiol-treated and non-honokioltreated groups, a significant reduction was observed (1 mg honokiol per mouse 5 33%, P , 0.05; 3 mg honokiol per mouse 5 70-80%, P , 0.001) as shown in Figure 1D . Details of tumor data are summarized in Table I .
Inhibition of malignant progression of papillomas to carcinomas As shown in Figure 2 , 70% mice of the non-honokiol-treated UVBirradiated control mice developed carcinomas as compared with 60% of the mice treated with 1 mg honokiol per mouse and 35% of the mice treated with 3 mg honokiol per mouse (Figure 2A ). It was found that a total 24 papillomas had converted into carcinomas in nonhonokiol-treated but UVB-irradiated group of mice as compared with 19 (21% reduction, not significant) in the mice treated with 1 mg honokiol per mouse and 9 (62% reduction, P , 0.001) in the mice treated with 3 mg honokiol per mouse. When the mice were treated with honokiol (3 mg per mouse) after UVB irradiation, the inhibitory effect of honokiol on conversion of papillomas to carcinomas was very similar to that observed for the group in which mice were treated with honokiol before each exposure to UVB. The inhibitory effect of honokiol, either applied before or after UVB irradiation, in terms of number of carcinoma/carcinoma-bearing mouse also was significant (P , 0.05) ( Figure 2C ). Histologically, these carcinomas were identified as keratoacanthomas and squamous cell carcinomas (data not shown).
As the treatment of mice with 3 mg honokiol per mouse resulted in a significant inhibition of UVB-induced skin tumor development, further studies on molecular targets or chemopreventive mechanism were performed with this dose of honokiol and data were compared with the non-honokiol-treated but UVB-irradiated control group.
Honokiol inhibits UVB-induced COX-2 expression and PGE 2 production in the skin As UVB-induced skin tumors originate from the epidermis of the skin, we focused on the analysis of the expression of the molecular targets of inflammation in the epidermal layer of the mouse skin. It is worth mentioning that epidermal uptake of honokiol was detected using Liquid Chromatography Tandem Mass Spectrometry (data not shown) and that may target inflammatory biomarkers in UVBexposed skin. A characteristic response of keratinocytes to UVB radiation is enhanced COX-2 expression and a subsequent increase in the production of PG metabolites in the skin (11, 19) .
Immunohistochemical analysis of COX-2 indicated that chronic exposure of the skin to UVB radiation resulted in greater expression of COX-2 as compared with the skin of the non-UVB-exposed normal skin ( Figure 3A) . However, treatment of mice with honokiol, whether applied before or after UVB irradiation, resulted in a reduction in the COX-2 expression as compared with the expression in non-honokioltreated UVB-irradiated mouse skin. The levels of COX-2 expression were verified by western blot analysis, which confirmed that topical treatment of honokiol inhibited chronic UVB irradiation-induced COX-2 expression in the mouse epidermis ( Figure 3B ). We also determined the levels of PG metabolites in the skin with a particular emphasis on PGE 2 because PGE 2 plays a pivotal role in cutaneous inflammation. The levels of epidermal PGE 2 in UVB-irradiated skin were significantly greater as compared with the skin of the non-UVBirradiated mouse skin whether or not the skin was treated with honokiol; however, the levels of PGE 2 were significantly lower in the UVB-irradiated mouse skin, which was treated with honokiol whether before (65%, P , 0.001) or after UVB irradiation (59%, P , 0.001), as shown in Figure 3B .
Honokiol inhibits UVB-induced increases in the levels of PCNA in the skin Immunohistochemical analyses revealed that exposure of the skin to UVB radiation enhances the proliferation potential of epidermal keratinocytes as indicated by the staining pattern of PCNA in the epidermis as compared with non-UVB-irradiated skin. Treatment of the skin with honokiol inhibited UVB-induced expression of PCNA in skin ( Figure 3C ). The immunohistochemical data further revealed that the treatment of the mouse skin with honokiol before UVB irradiation is more effective against PCNA than the treatment of honokiol after UVB irradiation of the skin. These data were further confirmed by western blot analysis, as shown in Figure 3B .
Honokiol inhibits UVB-induced increases in the levels of proinflammatory cytokines in the skin Chronic exposures of the skin to UVB radiation resulted in significantly greater production of proinflammatory cytokines, such as TNFa (P , 0.001), IL-1b (P , 0.001) and IL-6 (P , 0.001) in the mouse skin ( Figure 3D ) as compared with the non-UVB-exposed control mice. Topical treatment of mouse skin with honokiol either before or after UVB irradiation resulted in a significant reduction in TNF-a (63 and 55%, P , 0.001), IL-1b (55 and 64%, P , 0.01) and IL-6 (64 and 57%, P , 0.001) as compared with non-honokiol-treated UVBexposed mouse skin.
Honokiol inhibits UVB-induced biomarkers of inflammation in skin tumors
To further determine whether inhibition of UVB-induced skin tumor development by honokiol is associated with the inhibition of UVBinduced inflammation and its mediators in the skin tumors, various 
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biomarkers were analyzed in skin tumors from different treatment groups. Immunohistochemical data revealed that honokiol inhibited UVB-induced expression levels of PCNA in skin tumors in terms of percentage of PCNA-positive cells (P , 0.001) ( Figure 4A ). As shown in Figure 4B , western blot analysis revealed that treatment with honokiol resulted in reduction in the expression levels of PCNA, COX-2 and iNOS. The inhibitory effect of honokiol in tumors was observed whether it was applied before or after UVB irradiation of the skin. The levels of PGE 2 in tumors also were significantly reduced when treated with honokiol either before UVB irradiation (63%, P , 0.001) or after UVB irradiation (57%, P , 0.001). Treatment of the skin with honokiol either before or after UVB irradiation resulted in a significant inhibition of the expression levels of TNF-a (46 and 35%, P , 0.001), IL-1b (28%, P , 0.01) and IL-6 (48 and 56%, P , 0.001) compared with skin tumors obtained from nonhonokiol-treated mice ( Figure 4D ).
Honokiol modulates cell cycle regulators in UVB-induced skin tumors
As the chemopreventive effect of honokiol was more or less similar whether skin was treated with honokiol before or after UVB irradiation, in further studies, we examined the skin tumors obtained from the mice, which were treated with honokiol before UVB irradiation. Enhanced expression of cell cycle regulatory proteins such as cyclindependent kinases (CDKs) and cyclins or decreased expression of CDK inhibitors have been implicated in photocarcinogenesis (20) . Based on our results showing an inhibition of tumor growth and cellular proliferation by honokiol in UVB-induced tumorigenesis, we hypothesized that honokiol might have modulatory effects on cell cycle regulatory proteins. As shown in Figure 5 , the expression levels of cyclins (cyclin D1, D2 and E) and CDK2, CDK4 and CDK6 were considerably higher in UVB-induced skin tumors compared with non-UVB-irradiated normal skin from age-matched control mice. However, treatment of skin with honokiol before UVB irradiation resulted Fig. 3 . Honokiol inhibits UVB-induced COX-2 and PCNA expression and PGE 2 production in the mouse skin. Honokiol (HK) was topically applied either before UVB irradiation (HK þ UVB) or immediately after UVB irradiation (UVB þ HK) of the mouse skin. C, control non-UVB-exposed mouse skin; HK, Honokiol treatment alone. UVB alone-exposed mice were also treated with cream before UVB exposure. (A) Immunohistochemical detection of COX-2 expression in chronically UVB-exposed mouse skin. (B) The analysis of epidermal COX-2 and PCNA expressions was performed using western blotting, as described in Materials and Methods. A representative blot is shown from three independent experiments with identical observations. The concentration of PGE 2 is expressed in terms of picograms per miligram protein as a mean ± SD, n 5 10. (C) Immunohistochemical detection of PCNA expression in chronically UVB-exposed mouse skin. The COX-2 and PCNA staining appears dark brown, n 5 6. (D) The levels of proinflammatory cytokines, TNF-a, IL-1b and IL-6 were determined in skin homogenate samples using enzyme-linked immunosorbent assay kits and data are presented as the mean ± SD in terms of picograms per miligram protein, n 5 10. Significant difference versus non-honokiol-treated UVB-exposed controls, ÃÃÃ P , 0.01, ÃÃ P , 0.001. Scale bar 5 50 lm.
in inhibition of UVB-induced expression levels of cyclins (cyclins D1, D2 and E) and CDK2, CDK4 and CDK6 compared with skin tumors obtained from non-honokiol-treated mice. Next, we examined the levels of Cip1/p21, which is a universal inhibitor of cell cycle progression and is transcriptionally activated by p53 after UVB irradiation (21, 22) . Treatment of honokiol resulted in the enhancement of the levels of Cip1/p21 in skin tumors compared with non-honokioltreated skin tumors. Kip1/p27 is another important CDK inhibitor that regulates CDK-cyclin activity at G 1 -S transition (22) . Western blot data revealed that the protein expression of Kip1/p27 was also strongly upregulated in the skin tumors treated with the honokiol compared with those skin tumors that were obtained from non-honokiol-treated mouse skin.
Honokiol inhibits cell survival signals in UVB-induced skin tumors
The risk of UVB radiation-induced skin tumor development can be increased through various signaling pathways including the activation of the cell survival kinases, such as PI3K/Akt (23) (24) (25) . As expected, the levels of both the catalytic (p110) and the regulatory (p85) subunits of PI3K were enhanced in the UVB-induced skin tumors as compared with the non-UVB-exposed normal mouse skin; however, the levels of the p85 and p110 subunits were greatly reduced in the UV-induced skin tumors from honokiol-treated mice compared with the skin tumors of non-honokiol-treated mice ( Figure 5B ). Most of the biological effects of PI3K are mediated through the activation of the downstream target Akt, a prosurvival factor. The results of western blot analysis revealed that the treatment of mice with honokiol resulted in reduction of UVB-induced phosphorylation of Akt (Ser 473 ) Honokiol inhibits photocarcinogenesis as compared with the skin tumors of non-honokiol-treated group, whereas the levels of total Akt remained unchanged in all the treatment groups, as indicated by the relative density of the protein bands ( Figure 5B ).
Discussion
The central finding of this study is that topical treatment of mouse skin with honokiol in a hydrophilic cream-based topical formulation before or after UVB exposure significantly prevents UVB-induced skin tumor development in terms of tumor multiplicity and the growth of the tumors. Similar studies were also conducted by Chilampalli et al. (26) wherein chemopreventive effect of honokiol was determined on UVB-induced skin carcinogenesis. The investigators have determined the effect of honokiol (30 lg/200 ml acetone) on 30 mJ/cm 2 UVB-induced skin tumor development in mice while we exposed mice to 180 mJ/cm 2 . It is a major difference in selection of UVB dose or exposure of mice. If, in our study, we used 30 mJ/cm 2 UVB dose, then protection must be very high. Second point is that Chilampalli et al. have shown the protection in terms of tumor multiplicity by 45%, whereas we have found the protection in terms of tumor multiplicity by 60% if honokiol is topically applied before UVB exposure. Conclusively, both studies have significant differences in the selection of UVB doses. Furthermore, the use of honokiol in hydrophilic cream-based topical formulation may be a better choice for human use and may have better protection from UVBinduced skin tumor development. UV spectra indicate that honokiol does not act as a sunscreen. Furthermore, an excellent work from the research laboratory of Dr Alan Conney has revealed that topical application of moisturizing creams, such as Dermabase, Dermovan, Eucerin, etc. once a day, 5 days a week for 17 weeks to high-risk mice increased the rate of tumor formation and tumor size per mouse (27) . In this study, we used a hydrophilic cream as a vehicle for topical application of honokiol, and this cream was obtained from Fougera and Co. We have also used this hydrophilic cream as a vehicle in our prior studies (10). We did not find any effect of this cream in conjunction with UVB exposures of mice when data were compared with UVB carcinogenesis versus cream þ UVB carcinogenesis. For this purpose, we had included two groups: (i) UVB alone and (ii) cream þ UVB. This particular hydrophilic cream has no effect on UVB-induced skin tumor development compared with non-cream þ UVB-induced carcinogenesis. The data which we have included in our figures and manuscript are on cream þ UVB-induced carcinogenesis. It was also done because each treatment group of mice received hydrophilic cream as a vehicle and that maintain uniform treatment regimens. Honokiol also inhibits malignant progression of papillomas to carcinomas in mice. Studies have suggested that the transformation of papillomas to carcinomas requires further genetic and epigenetic changes in the papillomas and can be achieved by multiple UVB exposures (11); therefore, it is suggested that honokiol affords protection from further genetic and epigenetic alterations caused by excessive UVB irradiation.
In efforts to determine the molecular targets or chemopreventive mechanism of honokiol in prevention of photocarcinogenesis, we determined the effect of honokiol on multiple targets, which included UVB radiation-induced inflammatory mediators, cell cycle regulators and cell survival signals in UVB-exposed skin and/or skin tumors. UVB-induced chronic inflammation has been implicated in tumor initiation, promotion and progression. One of the most important enzymes in the process of inflammation and tumor development in UV carcinogenesis is inducible COX-2. COX-2 is a rate-limiting enzyme for the generation of PG metabolites from arachidonic acid (28) . COX-2 overexpression has been linked to the pathophysiology of inflammation and cancer (29) due to enhanced synthesis of PG metabolites, which have been shown to be a potential contributing factor in the development of non-melanoma skin cancers (30, 31) . A number of studies have demonstrated overexpression of COX-2 in chronically UVB-irradiated skin, as well as in UVBinduced premalignant lesions and squamous cell carcinomas (14, 32, 33) . A role for COX-2 in photocarcinogenesis is also supported by several studies that demonstrate that inhibition of COX-2 activity by specific inhibitors can partially block carcinogenesis induced by long-term UVB exposures (34, 35) . In this study, we found that topical application of honokiol before or after UVB exposure significantly inhibited UVB-induced inflammatory responses in terms of inhibition of COX-2 expression, PGE 2 production, iNOS expression and reduction in the levels of epidermal cellular proliferation. The inhibition of proliferating potential of epidermal keratinocytes by honokiol may also be a contributing factor for the inhibitory effects on the growth of UVB-induced skin tumors. Ahn et al. have shown that topical treatment of honokiol on the mouse skin suppressed chemical skin tumor promoter-induced inflammatory activity in terms of nuclear factor-kappaB DNA-binding activity compared with untreated group (36) .
The chronic and sustained elevated levels of proinflammatory cytokines have been implicated in skin cancer risk (11, 37, 38) ; therefore, the higher levels of proinflammatory cytokines would be expected to contribute to the tumor promotion process and thus, the development of tumors would be expected to occur earlier and progress more rapidly. Our data indicated that treatment of the mouse skin with honokiol significantly inhibited UVB-induced expression of proinflammatory cytokines, such as TNF-a, IL-1b and IL-6, in the mouse skin as well as in skin tumors and that may have contributed in inhibition of tumor development.
Skin exposure to UVB also affects cell cycle regulators in the skin. Regulation of cyclin-CDK complexes plays a key role in cell cycle progression at different phases in which CDKs are negatively regulated by a group of functionally related proteins known as CDK inhibitors, such as Kip/Cip family members (39, 40) . Cip1/p21 is a universal CDK inhibitor and Cip1/p21 binds to PCNA and inhibits PCNA function in DNA replication process (41) , whereas Kip1/p27 is upregulated in response to antiproliferative signals. Consistent with these reports, honokiol treatment resulted in an upregulation of Kip1/ p27 and Cip1/p21 and reduced the protein levels of CDK2, CDK4 and CDK6, cyclin D1, D2 and E in skin tumors, which may have caused cell cycle arrest in tumor cells. Tumor cell cycle arrest could lead to the reduction in proliferation potential of cells as observed by a decrease in the levels of PCNA in UVB-exposed skin and skin tumors. Thus, it can be suggested that modulation in cell cycle progression and inhibition of cell proliferation could be one of the possible mechanisms through which honokiol inhibits UVB-induced skin tumor development.
Cell survival signals, including PI3K/Akt pathway, have been associated with cellular proliferation and carcinogenesis (42) (43) (44) . The biological effects of PI3K are mediated through the activation of the downstream target, Akt. Akt is a serine/threonine kinase, which has been identified as an important component of prosurvival signaling pathways (45) . The skin tumors augment UVB radiationinduced activation of PI3K and phospho-Akt as compared with the non-UVB-exposed mouse skin. The PI3K/Akt signaling pathway regulates the activity of the transcriptional factor, nuclear factor-kappaB, which in turn is known to regulate several well-known markers of tumor promotion and tumor cell proliferation, e.g. COX-2, iNOS and PCNA (46, 47) . The data obtained from this study clearly demonstrate that treatment of honokiol inhibits UVB-induced expression of both the regulatory (p85) and the catalytic (p110) subunits of PI3K and inhibits phosphorylation of Akt at Ser 473 in the skin tumors as compared with the non-honokiol-treated tumors. Thus, the inhibition of PI3K/p-Akt pathway in skin tumors by honokiol may have a role in inhibition of UVB-induced skin tumor growth.
Collectively, the data from this study suggest that honokiol inhibits UV-induced skin tumor development through the inhibition of UVBinduced: (i) inflammation and inflammatory mediators, (ii) cell cycle progression and (iii) cell survival signals in the mouse skin and/or skin tumors. Honokiol can be considered for the development of new strategies for the prevention of UV radiation-induced skin cancers in humans.
